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21 Abstract 

22 Severe acute respiratory syndrome (SARS) is a respiratory disease caused by a 

23 coronavirus (SARS-CoV) that is characterized by atypical pneumonia. The nucleocapsid 

24 protein (N protein) of SARS-CoV plays an important role in inhibition of type I interferon 

25 (IFN) production via an unknown mechanism. In this study, the SARS-CoV N protein was 

26 found to bind to the SPRY domain of the tripartite motif protein 25 (TRIM25) E3 ubiquitin 

27 ligase, thereby interfering with the association between TRIM25 and retinoic 

28 acid-inducible gene I (RIG-1) and inhibiting TRIM25-mediated RIG-1 ubiquitination and 

29 activation. Type i IFN production induced by poly l:C or Sendai virus (SeV) was 

30 suppressed by the SARS-CoV N protein. SARS-CoV replication was increased by 

31 over-expression of the full-length N protein but not N (1-361), which could not interact with 

32 TRIM25. These findings provide an insightful interpretation of the SARS-CoV-mediated 

33 host innate immune suppression caused by the N protein. 

34 

35 Importance 

36 The SARS-CoV N protein is essential for the viral life cycle and plays a key role in the 

37 virus-host interaction. We demonstrated that the interaction between the C-terminus of the 

38 N protein and the SPRY domain of TRIM25 inhibited TRIM25-mediated RIG-1 

39 ubiquitination, which resulted in the inhibition of IFN production. We also found that the 

40 MERS-CoV N protein interacted with TRIM25 and inhibited RIG-1 signaling. The outcomes 

41 of these findings indicate the function of the coronavirus N protein in modulating the host's 

42 initial innate immune response. 
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44 Introduction 

45 As the first line of defense against viruses, type I interferon (IFN) plays a critical role 

46 in initiating host antiviral responses. Following virus infection, the host innate immune 

47 system is triggered by the recognition of viral-specific components (pattern recognition 

48 receptors, PRRs), such as DNA, ssRNA, dsRNA or glycoproteins (1). The Toll-like 

49 receptors (TLRs) and RIG-l-like receptors (RLRs) are the most common host PRRs that 

50 respond to RNA viruses (2). The cytoplasmic virus receptor RIG-1 directly recognizes and 

51 binds to viral 5’-PPP RNA and short dsRNA, which are found in cells infected with a 

52 variety of RNA viruses, through its helicase and repressor domain (RD) (1, 3). After 

53 recognition, the N terminal caspase recruitment domains (CARDs) of RIG-1 are modified 

54 by ubiquitin, mediated by the E3 ligase tripartite motif protein 25 (TRIM25) (4). The 

55 domains then initiate an antiviral signaling cascade by interacting with the downstream 

56 partner MAVSA/ISA/IPS-1/Cardif (4, 5), leading to the phosphorylation and activation of 

57 the transcription factors IRF3 and NF-kB, eventually leading to the production of type I IFN 

58 and many other cytokines. IFN-|3 secretion induces IFN-stimulated genes (ISGs), which 

59 exert antiviral effector functions (6). 

60 Viruses have evolved the capacity to evade host immune recognition and to suppress 

61 the host IFN system (7). Viruses encode viral proteins that interfere with PRR signaling 

62 pathways to gain an early advantage against host defense. For example, the influenza A 

63 virus NS1 protein, Ebola virus VP35 protein, and Vaccine virus E3L protein bind viral 

64 dsRNA to evade host immune recognition (8). Virus-encoded proteins also target IFN 

65 genes and IFN-induced genes to prevent host antiviral effector responses (2, 9). 

66 Severe acute respiratory syndrome coronavirus (SARS-CoV), which emerged in 
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67 2003, has high mortality in humans. Similar to other known coronaviruses, SARS-CoV 

68 has a 29.7-kb genome that encodes four structural proteins: spike (S), envelope (E), 

69 membrane (M), and nucleocapsid (N) proteins (10, 11). The N protein enters host cells 

70 together with viral RNA. Both the N- and C-termini of the N protein bind viral RNA to form 

71 the helical ribonucleocapsid (RNP), which plays a fundamental role in viral assembly (12, 

72 13). The multimerization of N proteins occurs primarily through the C-terminus (14). The 

73 N-terminal portion of the N protein (168-208 a.a.) is important for the interaction with the 

74 viral M protein, indicating that this region may be crucial for viral packaging (15, 16). The 

75 N protein of SARS-CoV has been demonstrated to up-regulate the expression of the 

76 pro-inflammatory factor COX2 and to interact with the proteasome subunit p42, which 

77 affects a variety of basic cellular processes and inflammatory responses (17, 18). Notably, 

78 N also inhibits the synthesis of IFN-p, which plays a vital role in innate immunity against 

79 RNA virus infections by a mechanism that is not fully understood(19-21). 

80 In this study, we found that the SARS-CoV N protein interacted with TRIM25 and 

81 interfered with the association between TRIM25 and RIG-1. Thus, TRIM25-mediated RIG-1 

82 ubiquitination was inhibited by the SARS-CoV N protein and contributed to the 

83 suppression of type I IFN production. 

84 

85 Materials and Methods 

86 Cell lines and viruses 

87 Cell lines (293T, HeLa, A549, Vero and Calu-3) were grown in Dulbecco’s modified 

88 Eagle’s medium (DMEM) (Gibco, Life Technologies, Carlsbad, CA, USA) supplemented 
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89 with 10% (or 20% for Calu-3) heat-inactivated fetal bovine serum (FBS) (Gibco, Life 

90 Technologies, USA), 100 lU/mL of ampicillin and 100 pg/mL of streptomycin. The cells 

91 were cultured in 5% C0 2 and a humidified atmosphere at 37°C. The 293T and A549 cells 

92 were transfected using Vigofect reagent (Vigorous, Beijing, China) and jetPRIME reagent 

93 (Polyplus, New York City, NY, USA) according to the manufacturer's instructions. 

94 SeV (Sendai virus) and NDV-GFP (green fluorescent protein gene incorporated into 

95 the Newcastle disease virus genome) were amplified in 9- to 11-day embryonated specific 

96 pathogen-free (SPF) eggs. The 50% tissue culture infectious dose (TCID50) in Vero cells 

97 was determined as previously described (22, 23). 

98 DNA constructs 

99 Flag- or hemagglutinin (HA)-tagged protein genes were cloned into the 

100 pcDNA3-based expression vector (Invitrogen, Carlsbad, CA, USA). Enhanced GFP 

101 (EGFP)- or Myc-tagged protein genes were cloned into the pCMV-Myc expression vector 

102 (Clontech, Mountain View, CA, USA). 

103 siRNAs targeting TRIM25 (siTRIM25, sense, 5-GCAAAUGUUCCCAGCACAATT-3’ 

104 and antisense, 5’-UUGUGCUGGGAACAUUUGCTT-3’) and a non-target siRNA (si-control) 

105 were purchased from Genepharm Technologies (Shanghai, China). All siRNA 

106 transfections were performed using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, 

107 USA). 

108 Quantitative RT-PCR 

109 RNA was extracted using an RNeasy Mini Kit (QIAGEN, Valencia, CA, USA), and 1 

110 pg of RNA was used to synthesize cDNA using ReverTra Ace qPCR RT Master Mix with 
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111 gDNA Remover (TOYOBO, Osaka, Japan). Quantitative RT-PCR was performed using 

112 SYBR Green Supermix (Bio-Rad, iQ™ Supermix, Hercules, CA, USA) with an iQ5 

113 Multicolor Real-Time PCR Detection System (Bio-Rad). The primer sequences are shown 

114 in Table 1, and relative gene expression levels were calculated using the 2 ~' CT method 

115 (24). 

116 Immunoprecipitation and immunoblotting analysis 

117 Cell lysates were prepared in lysis buffer containing 1% Nonidet P-40 (25). Soluble 

118 proteins were subjected to immunoprecipitation with an anti-Flag antibody (M2, Sigma 

119 F2426, MO, USA) or mouse IgG (Sigma A0910, MO, USA). An aliquot of the total lysate 

120 (5%, v/v) was included as a control. The immunoblotting analysis was performed with 

121 anti-GFP (Proteintech HRP-66002, Chicago, IL, USA), anti-TRIM25 (Abeam ab167154, 

122 Cambridge, MA, USA), anti-Myc (Santa Cruz SC-40, CA, USA), anti-Flag horseradish 

123 peroxidase (HRP) (Sigma A8592, MO, USA), anti-|3-actin (Santa Cruz SC-1616, CA, USA), 

124 anti-ubiquitin (Santa Cruz SC-8017, CA, USA), anti-HA (Sigma H9658, MO, USA), 

125 anti-IRF3 (Abeam ab68481, Cambridge, MA, USA) or Anti-plRF3 (S396) (Abeam 

126 abl 38449, Cambridge, MA, USA) antibodies. The antigen-antibody complexes were 

127 visualized using ECL chemiluminescence (Amersham Biosciences/GE 

128 Healthcare,Buckinghamshire,UK). On average, three independent experiments were 

129 performed, with standard deviations (error bars) and P values determined by the f test. 

130 LC-MS/MS analysis 

131 Plasmids expressing the Flag-tagged SARS-CoV N protein (Flag-N) were transiently 

132 transfected into 293T cells. Twenty-four hours after transfection, cell lysates were 
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133 prepared and subjected to anti-Flag immunoprecipitation, SDS-PAGE and Coomassie 

134 Brilliant Blue staining. Protein bands co-precipitated with Flag-N but not control IgG were 

135 excised, digested with trypsin, and subjected to liquid chromatography-tandem mass 

136 spectrometry (LC-MS/MS, Micromass, Inc.) analysis to identify interacting proteins. The 

137 data were compared against SWISSPROT using the Mascot search engine 

138 (www.matrixscience.com) for protein identification. 

139 NDV-GFP infection assay 

140 The GFP-expressing Newcastle disease virus (NDV-GFP) was used to infect cells for 

141 the previously described infection efficiency analysis (23). First, A549 cells transfected 

142 with or without SARS-CoV N protein were infected with SeV to induce IFN production. 

143 Vero cells were incubated with supernatants from the A549 cell culture and were then 

144 infected with NDV-GFP at the given viral titers. At 16 h post-infection, the number of 

145 GFP-positive cells and the GFP expression levels were analyzed by flow cytometry (BD 

146 FACSCalibur). 

147 Duolink assay and confocal microscopy 

148 Duolink in situ proximity ligation assay (PLA, Duolink Detection kit, Olink Bioscience, 

149 Uppsala, Sweden) was used to detect interactions between endogenous TRIM25 and the 

150 N protein or endogenous TRIM25 and RIG-1 in the cells. Briefly, HeLa cells plated on glass 

151 coverslips were transfected with the GFP-N-expressing plasmid. After fixation with 4% 

152 formaldehyde, the cells were incubated with rabbit anti-RIG-l (Millipore 4200, MA, USA) or 

153 rabbit anti-GFP (Abeam abl83734, Cambridge, MA, USA) and mouse anti-TRIM25 

154 (Abeam ab88669, Cambridge, MA, USA) primary antibodies or with anti-TRIM25 antibody 
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155 alone as a control. The Duolink system provides oligonucleotide-labeled secondary 

156 antibodies (PLA probes) for each of the primary antibodies. In combination with a DNA 

157 amplification-based reporter system, these antibodies generate a signal only when the 

158 two primary antibodies are in close proximity (~10 nm). According to the manufacturer's 

159 instructions, the signal from each detected pair of primary antibodies was visualized as a 

160 fluorescent spot. Slides were evaluated using an LSM 510 META confocal microscope 

161 (Carl Zeiss). The cell images were exported in TIF format using the Zeiss LSM Image 

162 Browser (Carl Zeiss) for analysis. Interactions per cell were determined with the Duolink 

163 image tool developed by Olink Biosciences and were counted in at least three fields. 

164 Quantifications were given as the means±S.D. Representative results are shown from 

165 experiments repeated three times. 

166 Duo-luciferase assays 

167 To evaluate expression, 293T cells were seeded into 24-well plates and 

168 co-transfected with control plasmids or expression plasmids together with the luciferase 

169 reporter plasmid. A 10-ng sample of the pRL Renilla Luciferase Control Reporter Vector 

170 (pRLJ was included as the control. Twenty-four hours after transfection, the cells were 

171 infected with Sendai virus (SeV) at a multiplicity of infection (MOI) of 2 for 16 h. The cell 

172 lysates were subjected to luciferase activity analysis using the Dual Luciferase Reporter 

173 Assay System (Promega). Total light production was measured using a Monolight 2010 

174 luminometer (Analytical Luminescence Laboratory, San Diego, CA, USA). The results are 

175 expressed as the means±S.D. of three independent experiments. 

176 Virus replication assays 
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177 A549 cells were seeded at a density of 2x10 6 cells in 25-cm 2 flasks (Corning, 

178 Corning, NY), and Vero and Calu-3 cells were seeded in 24-well plates (Corning, Corning, 

179 NY). After 24 h, the cells were washed with lx PBS and incubated with medium containing 

180 SARS-CoV at an MOI of 0.05 plaque-forming units (PFU) per cell (in each cell type) in a 

181 1-ml volume for 45 min at 37°C. The medium was removed, the cells were washed twice 

182 with lx PBS, and medium containing 2% FBS was added. Anti-IFN-p antibody (Abeam, 

183 ab6979, Cambridge, MA, USA) was used to neutralize IFN-P in Calu-3 cells at a 

184 concentration of 2.7 pg/ml. At the indicated time points post-infection, supernatant from 

185 each flask was subjected to RNA extraction using TRIzol reagent (Invitrogen, Carlsbad, 

186 CA, USA) and reverse transcription using the ReverTra Ace qPCR RT Master Mix 

187 (FSQ-201, TOYOBO) with the reverse primer given below. The TIANGEN SuperReal 

188 Premix (Probe) was used for quantitative nucleic acid amplification with specific primers in 

189 a Bio-Rad IQ5 Optical System. Ct values were compared to a series of dilutions of 

190 standard samples. The primers used for quantifying SARS-CoV subgenomic mRNA 5 (M 

191 gene) are as follows: forward primer (5’-CTCTTCTGAAGGAGTTCCTGAT-3’), reverse 

192 primer (5’-GACAGCAGCAAGCACAAAACAA-3’), and FAM probe 

193 (5'-GGCTCTTGTGGCCAGTAACACTT-3’). Viral titers in the supernatants were calculated 

194 as previously described using RT-PCR (26, 27). 

195 All experiments with SARS-CoV were performed in a Biosafety Level 3 laboratory. 

196 

197 Results 

198 The SARS-CoV N protein interacts with TRIM25 
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199 To investigate the cellular interaction partners of the SARS-CoV N protein in humans, 

200 lysates from 293T cells that exogenously expressed the Flag-N protein or Flag-vector 

201 control were immunoprecipitated with an anti-Flag antibody. The immunoprecipitates were 

202 subjected to SDS-PAGE and Coomassie Brilliant Blue staining (Fig. 1A). Stained bands 

203 that appeared in the Flag-N, but not the control immunoprecipitates, were subjected to 

204 trypsin digestion and LC/MS/MS analysis. Two TRIM25 peptides in the indicated band 

205 were identified by a Mascot search (http://www.matrixscience.com). These results 

206 suggested that TRIM25, the E3 ligase for RIG-1 ubiquitination that plays a vital role in the 

207 innate immune response to RNA virus infection, was detected in the Flag-N 

208 immunoprecipitates and that is might associate with the SARS-CoV N protein (Fig. IB). 

209 The interaction between the SARS-CoV N protein and TRIM25 was verified by 

210 immunoblotting. Endogenous TRIM25 was co-immunoprecipitated with Flag-N but not 

211 with the Flag-vector control, with or without SeV infection (Fig. 1C). Moreover, an 

212 interaction between exogenous Flag-TRIM25 and the Myc-N protein was observed by 

213 immunoblotting anti-Flag immunoprecipitates with the anti-Myc antibody (Fig. ID). Further, 

214 to demonstrate the association between the SARS-CoV N protein and endogenous 

215 TRIM25 in situ, HeLa cells expressing GFP-N or GFP alone were subjected to a 

216 Duolink-based in situ PLA followed by confocal microscopy. PLA-positive signals (red 

217 points) indicated that co-localization of the SARS-CoV N protein (but not GFP) and 

218 endogenous TRIM25 were exclusively observed in the cytoplasm. This distribution was 

219 similar to that observed for the SARS-CoV N protein (Fig. IE). These data collectively 

220 showed that TRIM25 was an association partner of the SARS-CoV N protein in human 
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221 cells. 

222 The C-terminus of the SARS-CoV N protein interacts with the TRIM25 SPRY domain 

223 To investigate the interaction between TRIM25 and the SARS-CoV N protein, 

224 GFP-tagged truncated fragments of the SARS-CoV N protein (1-175, 176-251, 252-361, 

225 and 362-422 a.a.) were co-transfected with Flag-TRIM25 into 293T cells. The C-terminus 

226 of SARS-CoV N (362-422 a.a.), but not the other truncated regions, was responsible for 

227 the TRIM25 association (Fig. 2A). Reciprocally, we also produced Flag-tagged TRIM25 

228 truncated proteins containing SPRY, B Box/CCD, or RING domains and found that only 

229 the SPRY domain was involved in the SARS-CoV N association (Fig. 2B and Fig. 2C). 

230 Furthermore, a Flag-tagged SPRY domain with deleted TRIM25 (Flag-del-SPRY) failed to 

231 interact with the N protein (Fig. 2C). These findings clearly defined the interaction domains 

232 that contributed to the association of the two proteins. 

233 The SARS-CoV N protein interferes with the TRIM25-RIG-I interaction 

234 The TRIM25 SPRY and RING domains have been reported to be involved in the 

235 interaction with the RIG-1 N-terminal CARD domains and E2 ubiquitin-conjugating 

236 enzymes, respectively(28). Due to the association of the TRIM25 SPRY domain with the 

237 SARS-CoV N protein, we hypothesized that SPRY domain-mediated RIG-1 binding might 

238 be competitively regulated by the SARS-CoV N protein. To investigate this hypothesis, 

239 Flag-RIG-I and Myc-TRIM25 were co-expressed with or without Myc-N in 293T cells. The 

240 interaction between RIG-1 and TRIM25 was substantially attenuated by co-expression of 

241 the SARS-CoV N protein in a dose-dependent manner (Fig. 3A-3B). Additionally, the in 

242 situ PLA analysis demonstrated that the interaction between endogenous RIG-1 and 
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243 TRIM25 was decreased by exogenous SARS-CoV N expression but not by GFP 

244 expression (Fig. 3C-3D). These results collectively indicated that the SARS-CoV N protein 

245 competitively bound to the TRIM25 SPRY domain and interfered with the association 

246 between TRIM25 and its ubiquitination substrate RIG-1. 

247 The SARS-CoV N protein suppresses RIG-1 ubiquitination 

248 Next, we investigated whether TRIM25-mediated RIG-1 ubiquitination at the 

249 N-terminal CARD domain was regulated by the SARS-CoV N protein. Lysates prepared 

250 from 293T cells co-transfected with Flag-RIG-I, FIA-Ub and the indicated amount of the 

251 Myc-N expression plasmids were immunoprecipitated with an anti-Flag antibody and 

252 analyzed by immunoblotting with anti-HA or anti-Flag. As previously reported, 

253 TRIM25-mediated RIG-1 ubiquitination was potentiated by SeV infection but was 

254 substantially suppressed by increasing SARS-CoV N protein expression (Fig. 4A) in a 

255 dose-dependent manner. In agreement with this result, the ubiquitination of the two-CARD 

256 domains of RIG-1 was similarly inhibited by exogenous N protein expression (Fig. 4B). 

257 Phosphorylation of IRF3 Ser(396) plays an essential role in IRF-3 activation responses to 

258 virus infection (29). In concert, IRF3(S396) phosphorylation induced by the 

259 overexpression of the two-CARD domains of RIG-1 was suppressed by the SARS-CoV N 

260 protein (Fig. 4C). Notably, the suppression of RIG-1 ubiquitination by the SARS-CoV N 

261 protein could be partially rescued by TRIM25 overexpression (Fig. 4D). These results 

262 indicated that competitive binding of TRIM25 by the SARS-CoV N protein interfered with 

263 TRIM25’s association with its ubiquitination substrate, thereby inhibiting RIG-1 

264 ubiquitination and activation in a SARS-CoV N dose-dependent manner. 
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265 The SARS-CoV N protein suppresses type I IFN production 

266 RIG-1 is activated by TRIM25-mediated ubiquitination, which plays a vital role in 

267 virus-induced type I IFN production. To examine the regulation of RIG-1 activity by the 

268 SARS-CoV N protein, we constructed a luciferase reporter under control of the IFN-[3 

269 promoter (IFN-pi-Luc) to quantify IFN-(3 promoter activation. In concert with the inhibition of 

270 RIG-1 ubiquitination by the N protein, IFN-(3 promoter activation induced by RIG-1 CARD 

271 domain overexpression was significantly inhibited by SARS-CoV N expression in a 

272 dose-dependent manner (Fig. 5A). However, co-expression of TRIM25 with SARS-CoV N 

273 counteracted the inhibition caused by the N protein (Fig. 5B). Similarly, IFN-pi promoter 

274 activation induced by SeV infection was suppressed by the SARS-CoV N protein in a 

275 dose-dependent manner (Fig. 5C). Both the IFN-p transcription and expression levels 

276 could be suppressed by the N protein and rescued by TRIM25 overexpression (Fig. 

277 5D-5E). Next, we investigated whether the inhibition of IFN production by the N protein 

278 was dependent on the TRIM25 association. Only full-length N and the 362-422 a.a. 

279 fragment that could interact with TRIM25, but not the other truncated fragments, were 

280 responsible for the suppression of IFN-p production (Fig. 5F). Accordingly, the 

281 transcriptional activity of the IFN-responsive sequence element (IRSE) and the 

282 transcription of IFN-stimulated gene 15 (ISG15), ISG56 and IP10, which greatly depend 

283 on the cellular IFN level, were similarly inhibited by the SARS-CoV N protein and partially 

284 recovered by TRIM25 overexpression (Fig. 5G to J). 

285 Because the SARS-CoV N protein suppressed the production of IFN induced by SeV, 

286 we next investigated whether viral infection and proliferation were regulated by the N 
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287 protein. First, A549 cells exogenously expressing Myc-N or Myc-vector were infected (or 

288 not, in the control) with SeV for 16 h to induce IFN production. In concert with the previous 

289 finding, SeV-induced IFN-p transcription in A549 cells was suppressed by the SARS-CoV 

290 N protein. IFN-p sensitive Vero E6 cells were pre-incubated with the above-mentioned 

291 A549 cell culture supernatants for 4 h and then infected with GFP expressing NDV 

292 (NDV-GFP). The proliferation of NDV-GFP in Vero E6 cells was determined by the 

293 GFP-positive cell number and the fluorescence intensity detected by flow cytometry. As 

294 shown in Fig. 5K, Vero E6 cells pre-incubated with SeV-infected A549 cell culture 

295 supernatants showed a significantly decreased NDV-GFP infection rate compared with 

296 Vero E6 cells pre-incubated with the normal A549 cell culture supernatant without SeV 

297 infection (~73.1% vs ~27.8%). This difference was due to the antiviral activity of the 

298 IFN-p released by the SeV-infected A549 cells (Fig. 5K, left and middle). In accordance 

299 with the finding that the N protein inhibits IFN production (Fig. 5A-5E), a much higher 

300 NDV-GFP infection rate was observed in Vero E6 cells pre-incubated with the supernatant 

301 collected from SeV-infected A549 cells expressing the SARS-CoV N protein (-49.2% vs 

302 27.8%) (Fig. 5K). Additionally, the NDV infection rate was increased in an N-protein 

303 dose-dependent manner (Fig. 5L) and was compromised when TRIM25 was 

304 co-expressed with the N protein (Fig. 5M). These results demonstrated that the 

305 SARS-CoV N-protein-mediated inhibition of IFN production relied on its host cell 

306 association partner TRIM25. 

307 

308 N protein promotes virus replication by inhibiting TRIM25-mediated IFN-P 
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309 production. 

310 Next, we investigated the function of TRIM25 in SARS-CoV infection and proliferation 

311 in human cells using the de novo synthesized recombinant SARS-CoV strain v2163 (30). 

312 A549 cells were transfected with a TRIM25-targeting siRNA or scrambled siRNA for 48 h, 

313 resulting in ~70% TRIM25 knockdown (Fig. 6A). The siRNA-transfected cells were 

314 infected with recombinant SARS-CoV at a dose of 0.05 PFU per cell for 24 h. The virus 

315 particles released into the cell culture supernatant were collected, and the genomic RNA 

316 copy numbers were determined by qPCR. Compared with the scrambled siRNA, the 

317 TRIM25-targeting siRNA resulted in a significantly higher SARS-CoV titer in A549 cells 

318 (Fig. 6A). TRIM25 overexpression reduced SARS-CoV release in A549 cells (Fig. 6B). 

319 These results suggested that higher TRIM25 levels may compensate the activity inhibition 

320 of RIG-1 ubiquitination mediated by the viral N protein because the N protein suppressed 

321 RIG-1 ubiquitination in a dose-dependent manner. Thus, a higher N protein:TRIM25 ratio 

322 should contribute more suppression. Further, A549 cells were transfected with full-length 

323 N protein or N-terminal (1-361); 24 h later, cells were infected with SARS-CoV. 

324 Twenty-four hours post-infection, the viral genomic RNA copy numbers were determined 

325 by qPCR. Overexpression of full-length N protein led to a higher viral genomic copy 

326 number compared with the N protein N-terminal version in A549 cells (Fig. 6C). 

327 SARS-CoV can productively infect the human bronchial epithelium Calu-3 cell line and 

328 shows more sensitivity to IFN treatment (31, 32). To further study the effect of the N 

329 protein on SARS-CoV replication, Calu-3 ceils were transfected with full-length N protein 

330 or its N-terminal (1-361) truncation, which do not interact with TRIM25. At 24 h 
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331 post-transfection, cells were infected with SARS-CoV for the indicated time in the 

332 presence/absence of IFN-(3-specific neutralization antibody at a concentration of 2.7 pg/ml. 

333 Compared with the N-terminus of the N protein, the full-length N protein showed little, if 

334 any, effect on viral replication in the presence of the IFN-|3-specific neutralization antibody, 

335 while a much higher viral titer was observed in the cells overexpressing full-length N 

336 protein in the absence of IFN-p antibody, suggesting that the overexpressed N protein 

337 promoted viral replication by suppressing IFN production (Fig. 6D). Unexpectedly, a lower 

338 viral titer was observed (data not shown) in the cells expressing the C-terminal N protein, 

339 possibly due to the incorporation of this protein into a nucleocapsid that may block the 

340 formation of functionally infectious virus, since the C-terminal N protein plays vital roles in 

341 N protein polymerization (14, 33). 

342 MERS-CoV N protein interaction with TRIM25 

343 MERS-CoV is a new human coronavirus, discovered in the Middle East in 2012, with 

344 high lethality, that is comparable to SARS-CoV in many aspects (34). The SARS-CoV N 

345 shares only 20-30% homology with the N proteins of other known coronaviruses (35), 

346 except SARS-like bat viruses, including FIKU4, HKU5, and MERS-CoV (40-50%) (36, 37). 

347 To test whether MERS-CoV could interact with TRIM25 and suppress IFN-p expression, 

348 lysates from cells expressing Flag-TRIM25 and GFP-MERS-N or GFP as a control were 

349 subjected to immunoprecipitation with anti-Flag, and the immunoprecipitates were 

350 immunoblotted with anti-Flag and anti-GFP. GFP-MERS-N, but not GFP, co-precipitated 

351 with Flag-TRIM25 (Fig. 7A). Similar to the SARS-CoV N protein, the C-terminal part of the 

352 MERS-CoV N protein interacted with TRIM25 (Fig. 7B). The Flag-2CARD of 
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353 RIG-l-induced IFN production was suppressed by the MERS-N protein in a 

354 dose-dependent manner (Fig. 7C). Unlike the SARS-CoV N protein, both the N- and 

355 C-terminal portions of the MERS-CoV N protein suppressed RIG-l-induced IFN production 

356 (Fig. 7D), suggesting that the MERS-CoV N protein interferes with IFN production by 

357 interacting with TRIM25, similar to SARS-CoV and other unidentified pathways. 

358 

359 Discussion 

360 Most human coronaviruses cause mild infections, but the outbreaks of SARS in 2003 

361 and MERS in 2012 represented highly lethal coronavirus epidemics. SARS-CoV and 

362 MERS-CoV have similar genome structures, viral growth kinetics and clinical 

363 presentations (32). Therefore, understanding the virulence mechanisms and microbe-host 

364 interactions of these pathogens will be beneficial for the development of effective 

365 therapies to control outbreaks of similar coronaviruses in the future (36, 38, 39). 

366 Inhibition of IFN production and function plays key roles for virus to escape from the 

367 innate immunity. Previous studies have shown that both SARS-CoV and MERS-CoV 

368 failed to elicit strong IFN expression during the innate immune response. Viral infection 

369 failed to induce transcription of type I interferon in peripheral blood mononuclear cells 

370 (PBMCs) derived from SARS patients and in MERS-CoV infected ex vivo respiratory 

371 tissues (40, 41). Elderly patients got bad overcome in SARS and MERS infection, 

372 especially for those who were immunocompromised (42). Several SARS-CoV encoded 

373 proteins such as nspl, nsp7, nsp15, PLpro, M, ORF3b, ORF6, and ORF9b were found to 

374 antagonize IFN production by different pathways (43). MERS-COV 4a protein suppresses 
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375 PACT-induced activation of RIG-1 and MDA5 in the innate antiviral responses (44, 45), 

376 and its M protein, ORF 4a, ORF 4b, and ORF 5 inhibit the nuclear trafficking and 

377 activation of IRF3, and the activity of NF-kB and ISRE promoter (46). Another well studied 

378 coronavirus, murine coronavirus mouse hepatitis virus (MHV), could induces type I 

379 interferon expression dependent on RIG-1 recognition. Notably, the nucleocapsid protein 

380 of MFIV, which shares ~34% homology with that of SARS-CoV, is also regarded as a type I 

381 IFN antagonist by interfering with RNase L activity associated with the induction of 2’-5' 

382 OAS (47). 

383 Our work demonstrated that the N proteins of SARS-CoV could inhibit IFN-p 

384 production by interaction with TRIM25, therefore suppress TRIM25-mediated RIG-1 

385 activation by ubiquitination, which provides in-depth insight into the mechanism of 

386 SARS-CoV-induced innate immune suppression. MERS-CoV N protein was also 

387 demonstrated to interact with TRIM25 and to inhibit IFN-P promoter activity, which 

388 suggests that the N protein of MERS may be involved in IFN production in a way similar 

389 with SARS-CoV. 

390 TRIM family proteins contain at least three domains [an N-terminal RING domain, 

391 one or two B-boxes and a central coiled-coil domain (CCD)]. Most human TRIM proteins 

392 also contain a SPRY domain that is involved in broad biological processes, including 

393 diverse cellular functions and antiviral and antimicrobial activity (48-50). As an ubiquitin E3 

394 ligase, TRIM25 plays a crucial role in the RIG-l-mediated activation of the type I IFN 

395 pathway(28). TRIM25 acts as an E3 ubiquitin ligase in both MAVS ubiquitination and 

396 degradation (51). TRIM25 is also required for full NF-kB activation by ubiquitinating 
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397 TRAF6 (52). Targeting TRIM25 is an efficient approach to inhibit the IFN-signaling 

398 pathway. The NS1 protein of influenza A virus was reported to inhibit RIG-1 activation by 

399 targeting the TRIM25 B Box/CCD domains (4). In addition to the interactions of viral 

400 proteins, the subgenomic flavivirus RNA (sfRNA) of PR-2B serotype 2 (DENV-2) binds to 

401 TRIM25, prevents its deubiquitylation, and results in the inhibition of RIG-1 activation and, 

402 thus, IFN expression (53). Previous studies have suggested that the SARS-CoV N protein 

403 is capable of inhibiting IFN-(3 production by blocking the RIG-1 signaling pathway, and the 

404 N protein of SARS-CoV was found to inhibit IRF3 activation induced by SeV (21, 54). 

405 Antagonism of IFN induction by the N protein was further mapped to the C-terminus of the 

406 protein, while the N protein was shown not to interact with RIG-1 and MDA5 (55). In this 

407 study, we show that the N protein of SARS-CoV suppressed IFN-p production by targeting 

408 the SPRY domain of TRIM25 and disturbing interaction between this SPRY domain and 

409 the N-terminal CARDs of RIG-1, resulting in the inhibition of RIG-1 ubiquitination and 

410 downstream signaling, and ultimately the production of type I interferon (Fig. 8). 

411 Considering that the inhibition of interferon production is mediated by the association of 

412 Trim25 with N protein, an abolished inhibition should be observed by infection with a 

413 recombinant virus bearing point mutation of N protein that doesn't bind Trim25, but it was 

414 failed since no virus could be successfully rescued with such N protein mutant because of 

415 the impaired functions. 

416 Proteins of SARS-CoV including the N protein suppress innate immunity by inhibiting 

417 IFN production other than blocking IFN responses, suggesting that type I interferon may 

418 be employed for the treatment of early stage SARS infection. Administration of type I 
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419 interferon in BALB/c mice before or at the initial stage of SARS-CoV infection resulted in 

420 reduced virus titer, limited inflammatory response and mild clinical disease (56). Type I 

421 interferon treatment also improves outcome of SARS-CoV and MERS-CoV infection in 

422 non-human primate models (57, 58), and has also been used in several clinical practices, 

423 together with other drugs(59-61). 

424 In conclusion, our results provide evidence for the mechanism by which the 

425 SARS-CoV (and also MERS-CoV) N proteins inhibit RIG-1 ubiquitination and thus 

426 suppress the release of type I IFN. The results help us to understand the pathogenicity of 

427 highly dangerous coronaviruses. 
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638 Figure 1. SARS-CoV N protein interacts with TRIM25. 

639 (A) Cell extracts prepared from 293T cells transfected with Flag-SARS N protein (Flag-N) 

640 or Flag vector were subjected to anti-Flag immunoprecipitation. The 

641 immunoprecipitates were resolved using SDS-PAGE electrophoresis and Coomassie 

642 blue staining. 

643 (B) The stained bands marked by arrows in Figure 1A were digested with trypsin and 

644 analyzed by LC-MS/MS. Two peptides (SDLGAVAKGLSGELGTR and EPEELGK) 

645 matching the TRIM25 protein sequence were identified. 

646 (C)-(D) 293T cells transfected with the indicated plasmids were infected with or without 

647 SeV (C), and the cell lysates were subjected to anti-Flag immunoprecipitation. The 

648 immunoprecipitates were analyzed by immunoblotting with anti-TRIM25 (C) or 
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anti-Myc (D). 

(E) HeLa cells transfected with GFP-N were fixed with 4% paraformaldehyde and 
incubated with anti-TRIM25 and anti-GFP antibodies. An in situ PLA assay was 
conducted as described and imaged with a confocal microscope at 100X 
magnification. Red dots indicate the interaction. 

Figure 2. The interaction domain of the SARS-CoV N protein and TRIM25. 

(A) Anti-Flag immunoprecipitates prepared from lysates of 293T cells expressing 
Flag-TRIM25 and GFP-tagged full-length or truncated SARS CoV N protein were 
analyzed by immunoblotting with anti-Flag and anti-GFP. 

(B) Anti-Flag immunoprecipitates prepared from lysates of 293T ceils expressing Myc-N 
protein and Flag-B Box/CCD or Flag-SPRY domains were analyzed by 
immunoblotting with anti-Flag and anti-Myc. 

(C) Anti-Flag immunoprecipitates prepared from lysates of 293T cells expressing 
GFP-N or Flag-tagged TRIM25 domains were analyzed by immunoblotting with 
anti-Flag and anti-GFP. 

Figure 3. The interaction between TRIM25 and RIG-1 was inhibited by the SARS-CoV 

N protein. 

(A) 293T cells were transfected with Flag-RIG-I and Myc-TRIM25 with or without Myc-N. 
Anti-Flag immunoprecipitates were analyzed by immunoblotting with anti-Flag or 
anti-Myc. 

(B) 293T cells were transfected with Flag-TRIM25, Myc-RIG-I and the indicated 
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671 amount of GFP-N. Anti-Flag immunoprecipitates were analyzed by immunoblotting 

672 with anti-Flag, anti-Myc or anti-GFP. 

673 (C) HeLa cells expressing the GFP-N or GFP plasmid were fixed with 4% 

674 paraformaldehyde and incubated with anti-TRIM25 and anti-RIG-l antibodies. The in 

675 situ PLA assay was conducted as described and imaged with a confocal microscope 

676 at 100X magnification. Red dots indicate the interaction. 

677 (D) Red dots indicating positive PLA signals were counted in 30 randomly selected cells. 

678 The data are expressed as the means±SD (*P<0.05). 

679 Figure 4. TRIM25-mediated RIG-1 ubiquitination was suppressed by the SARS-CoV 

680 N protein. 

681 (A)(B)(D) 293T cells transfected with the indicated plasmids for 36 h were infected with 

682 or without SeV at an MOI of 2 for 12 h. The anti-Flag immunoprecipitates prepared 

683 from the cell extracts were analyzed by immunoblotting with the indicated antibodies. 

684 (C) 293T cells were transfected with the vector, Flag-2CARD or Myc-N. At 24 h 

685 post-transfection, whole-cell lysates were subjected to immunoblotting with anti-IRF3 

686 and anti-p-IRF3 (S396) antibodies. 

687 Figure 5. The SARS-CoV N protein inhibits TRIM25-mediated RIG-1 activation and 

688 interferon production. 

689 (A)-(C) & (F) 293T cells were co-transfected with the IFN-P-Luc firefly luciferase reporter 

690 plasmid, the Renilla luciferase control reporter plasmid pRL and the indicated 

691 plasmids for 36 h. The transfected cells were infected with or without SeV at an MOI 

692 of 2 for 12 h in (C) and (F). The luciferase activity of the cell lysates was analyzed 
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693 with the Dual Luciferase Reporter Assay System (Promega) and was measured on a 

694 Monolight 2010 luminometer. 

695 (D)-(E) A549 cells transfected with Myc-N and Flag-TRIM25 were infected with or 

696 without SeV at an MOI of 2 for 36 h. The mRNA was extracted, and the IFN-(3 mRNA 

697 expression level was determined by RT-PCR (D). The IFN-(3 concentrations in the cell 

698 culture supernatants were measured using a VeriKine Human IFN-p ELISA kit (E). 

699 (G) 293T cells co-transfected with the IRSE-Luc reporter plasmid, pRL and the other 

700 indicated plasmids were infected with or without SeV at an MOI of 2 for 24 h. The 

701 luciferase activity of the cell lysates was analyzed with the Dual Luciferase Reporter 

702 Assay System and was measured using a Monolight 2010 luminometer. 

703 (H)-(J) Total RNA was extracted from A549 cells expressing the indicated plasmids. The 

704 ISG15, ISG56 and IP10 mRNA expression levels were determined by RT-PCR. All 

705 results from (A) to (I) are expressed as the means±S.D. of three independent 

706 experiments (ns, nonsignificant; *: P<0.05; **: P<0.01, ***: P<0.001). 

707 (K)-(M) A549 cells were transfected with 0.5 pg of the Myc-vector (left and middle) or 

708 Myc-N (right) for 24 h. The cells were infected with (middle and right) or without (left) 

709 SeV at an MOI of 2 for 16 h. Cell culture supernatants were harvested and incubated 

710 with Vero E6 cells for 2 h prior to infection of the Vero E6 cells with NDV-GFP at an 

711 MOI of 2. After 24 h, the GFP fluorescence of the Vero E6 cells was detected by flow 

712 cytometry. The cell culture supernatants were harvested and incubated with Vero E6 

713 cells for 2 h prior to infection of the Vero E6 cells with NDV-GFP at an MOI of 2. The 

714 NDV infection rate of the Vero E6 cells was measured by flow cytometry after 24 h of 
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715 infection. 

716 

717 Figure 6. N protein promotes virus replication by inhibiting TRIM25-mediated IFN-p 

718 production. 

719 (A) A549 cells were transfected with TRIM25 RNAi or scramble RNAi. At 24 h 

720 post-transfection, the cells were infected with recombinant SARS-CoV at an MOI of 

721 0.05 PFU per cell for 24 h. The virus particles released into the cell culture 

722 supernatants were determined by viral genomic RNA level as assayed by qPCR. The 

723 TRIM25 mRNA expression level was determined by RT-PCR (Right). 

724 (B) A549 cells transfected with Flag-TRIM25 or Flag vector were infected with 

725 recombinant SARS-CoV as described in (A). The virus particles released into the cell 

726 culture supernatants were quantified by viral genomic RNA level as assayed by 

727 qPCR. 

728 (C) A549 cells transfected with GFP vector, GFP-N or GFP-N (1-361) were infected with 

729 SARS-CoV as described in (A). The virus particles released into the cell culture 

730 supernatants were quantified by viral genomic RNA level as assayed by qPCR. 

731 (D) Calu-3 cells were transfected with full-length N protein or N(1 -361), and 24 h after 

732 transfection, the cells were infected with mouse-adapted SARS-CoV at an MOI of 

733 0.05 PFU per cell in the presence/absence of IFN-P-specific neutralizing antibody. 

734 Viral RNA from viral particles in the supernatant was quantified by qPCR. The results 

735 are expressed as the means±S.D. of three independent experiments. 

736 The significance of cells not treated with the antibody from (D) was analyzed using 
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737 the t test. All results from (A) to (D) are expressed as the meansiS.D. of three 

738 independent experiments (ns, nonsignificant; *: P<0.05; **: P<0.01, ***: P<0.001). 

739 

740 Figure 7. The MERS-CoV N protein interacts with TRIM25 and inhibits RIG-1 

741 interferon signaling 

742 (A-B) 293T cells were transfected with 2 pg of the indicated plasmids for 36 h. Whole cell 

743 lysates were subjected to anti-Flag immunoprecipitates and immunoblotting with 

744 anti-Flag or anti-GFP antibodies. 

745 (C-D) 293T cells were co-transfected with the IFN-(3-Luc firefly luciferase reporter 

746 plasmid, the Renilla luciferase control reporter plasmid pRL, Flag-2CARD and 

747 increasing amounts of the GFP-MERS-N plasmid (C), GFP-MERS-N (1~170 aa) or 

748 GFP-MERS-N (171 aa~413 aa) (D) for 36 h. The luciferase activity of the cell lysates 

749 was analyzed with the Dual Luciferase Reporter Assay System (Promega) and was 

750 measured with a Monolight 2010 luminometer. The results are expressed as the 

751 means±S.D. of three independent experiments. 

752 

753 Figure 8. The schematic of N protein inhibiting type I interferon production by 

754 interfering with TRIM25-mediated RIG-1 ubiquitination. 
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Table 1. Primers used in real-time PCR 

Gene 

Forward primer (5’ to 3’) Reverse primer (5’ to 3’) 

(3-actin 

IFN-a 

IFN-(3 

IP10 

ISG15 

ISG56 

TRIM25 

TGACGTGGACATCCGCAAAG CTGGAAGGTGGACAGCGAGG 

CTGAATGACTTGGAAGCCTG ATTT CTGCT CT GACAACCT C 

GT CAG AGTG GAAAT CCTAAG ACAGCAT CTGCTGGTT GAAG 

TCCCATCACTTCCCTACATG T GAAG CAGG GT CAG AA CAT C 

TCCTGGTGAGGAATAACAAGGG CTCAGCCAGAACAGGTCGTC 

TCGGAGAAAGGCATTAGATC GACCTTGTCTCACAGAGTTC 

GACCACGGCTTTGTCATCTTC AAAGT CCACCCT GAACTTATACAT CA 


Downloaded from http://jvi.asm.org/on February 4, 2017 by UNIV OF CALIF SAN DIEGO 






A. 


B. 


100 


kDa 




z 

TO 

<1) 

80/ 

o 

6) 

a 


rc 

rj 

<D 

w 

60- 

LL 

LL 

TO 

n 




4- 

0 

40/ 


20 - 

0 - 


SDLGAVAKGLSGELGTR 




IJiiilLf 


i ,, il 


5.0 

r4.0 

r3.0 

2.0 

rl.O 

0 


200 


400 


600 


800 


1000 


1200 


'-TRIM25 
Flag-N 


Coomassie Blue 
Staining 



D. 


IP:anti-Flag Lysate 

SeV 

kDa - + + - + + Flag-N 
72- •» - • TRIM25(m) 

IB:anti-TRIM25 

43- — --^p-actin 

IB:anti-(i-actin 


43- 


E. 


GFP-N 


IB:anti-Flag 
in situ PLA 


-Flag-N 


GFP 


IP:anti- |_y Sa t e 
Flag _ 

+ + + + Myc-N 

+ - + - Flag-TRIM25 

kDa - + - + Flag 

55- 4^ »-Myc-N 

IB:anti-Myc 

72-P Q -*-Flag-TRIM25 
IB:anti-Flag 


Hoechst 


Merge 


GFP 



D 

o 


Downloaded from http://jvi.asm.org/on February 4, 2017 by UNIV OF CALIF SAN DIEGO 



































Journal of Virology JVI Journal of Virology Accepted ManUSCTipFPoSted Onlme 


A. 


IP:anti-Flag Lysates 


T“ T- Ol 

W) CD CM 
CM lO CM 00 ^ 

ru k. ■ ■ ■ 

2! ^ CO CM CM 

. _ . . h- io <d 

kDa t- cm co 


T- CM 
LO CD CM 

CM LO CM CO ^ 

CM S 1 1 1 

L! CO CM CM 

I V MO 0 

v t— t- CM CO 



72- 

56 


IB: anti-GFP 


- GFP-N 


GFP-N 

(Fragment) 


IB: anti-Flag 


B. 


IP:anti- 

Flag 


Lysate 


+ + + + + + Myc-N 

+ - - +-Flag-SPRY 

- + - Flag-B Box/CCD 

kDa + Flag 


-— — Flag-TRIM25 


43- 


IB:anti-Myc 



Myc-N 

Flag-B Box/CCD 


Flag-SPRY 


IP:anti-Flag 


Lysate 


+ + + + + GFP-N 
+ - - - - Flag-Vector 




Flag-B Box/CCD 

Flag-SPRY 

Flag-del-SPRY 

•-GFP-N 


-Flag-del-SPRY 
'Flag-B Box/CCD 


IB:anti-Flag 


-Flag-RING 

Flag-SPRY 


Downloaded from http://jvi.asm.org/on February 4, 2017 by UNIV OF CALIF SAN DIEGO 





















Journal of Virology JVI Journal of Virology Accepted ManUSCTipFPoSted Onlme 


A. 


B. 


IP! 


<5 

W 

>. 


IP:anti-Myc 


Lysate 


0 

anti-Flag ra 


+ + + + + Flag-RIG-I 
+ + + + + Myc-TRIM25 
kDa - + - - + Myc-N 


+ + + + + + + + + + + + Flag-TRIM25 
- + + + + + - + + + + + Myc-RIG-I 
+----- +----- Myc 

kDa 0 0.51.01.5 2.0 0 0 0.5 1.01.5 2.0 GFP-N ([ig) 


72- • ^P^-Myc-TRIM25 
IB: anti-Myc 


95- 


«-Flag-RIG- 


IB:anti-Flag 


43- 

IB: anti-Myc 


-Myc-N 



IB:anti-GFP 



Downloaded from http://jvi.asm.org/on February 4, 2017 by UNIV OF CALIF SAN DIEGO 






























IP: Flag 



SeV 
HA-Ub 
Flag-RIG-I 
Flag 


IB: anti-Flag 


Ub-RIG-I 


WCL 


SeV 
HA-Ub 
Flag-RIG-I 
Flag 


Myc-N(i-ig) kDa--S o o Myc-N (|.ig) 



IB: anti-Flag 


50- 

37 




IB: anti-Myc 


-Flag-RIG-I 50 - 
37 



Flag-RIG-I 

Myc-N 

p-actin 


IB:anti-p-actin 


B. 


CD 


c. 


IP: Flag B 

-+++++ SeV 
+ + + +++ HA-Ub 
+ + + ++ + Flag-2CARD 
kDa-d ° S Myc-N 


Ub-2CARD 

-Flag-2CARD 

i-Flag-2CARD 
«- Myc-N 



IB:anti-Flag 

WCL 


IB:anti-Flag 

IB:anti-Myc 



- + + Flag-2CARD 
kDa - - + Myc-N 
50- . -»-p-IRF-3 

IB:anti-p-IRF3(Ser396) 
50- 1 ••-HRF3 
IB:anti-IRF3 

20 - | * ->-Flag-2CARD 

IB:anti-Flag 
50-1 


■-Myc-N 
IB:anti-Myc 


IP: Flag 


WCL 


+ + + 

SeV 

+ + 

+ 

SeV 

+ + + 

HA-Ub 

+ + 

+ 

HA-Ub 

+ + + 

Flag-2CARD 

+ + 

+ 

Flag-2CARD 

— + + 

Myc-N 

— + 

+ 

Myc-N 

— — + 

Myc-TRIM25 

kDa- 

+ 

Myc-TRIM25 



Ub-2CARD 72 ‘ 
50- 
37- 


20-BfH '-Flag-2CARD 20- 
IB:anti-Flag 


IB:anti-Ub 


• —Myc-TRIM25 
IB:anti-Myc 

Myc-N 

IB:anti-Myc 

-Flag-2CARD 


IB:anti-Flag 


D 

o 


Downloaded from http://jvi.asm.org/on February 4, 2017 by UNIV OF CALIF SAN DIEGO 







































<D 

C 


A. 

2500 

| 2000 
o 

■g 1500 
c 

2 1000 
o 


IFN 


-p-Luc 

I 


B. 


1500 


IFN-P-Luc 


500- 
0-1 ~ 


12 


< 8 
1 6 

i 4 


o 1000 

3 

"O 


II 


X 


I, 


+ + + + Flag-2CARD 
0 0.8 1.6 3.2Myc-N(gg) 


Li. 2 


X 


I 


1000 
f 800 
g 600 

*?■ 400 
z 

y= 200 
0 


+ Flag-2CARD 
+ Myc-N 
+ Flag-TRIM25 

F. 

6 


12 

10 

8 

6 

4 

2 

0 


X 


1 


+ SeV 
+ IVIyc-N 
+ Flag-TRIM25 


cb 
— + + 
— — + 


3 4 
■a 


1 2H 


+ SeV 
+ Myc-N 
+ Flag-TRIM25 


0- 1 


G. 


c10000 
o 

tj 8000 

3 

| 6000 
2 4000 
^ 2000 
0 


J. 

S 

o 2.0 


£ 1.0 

a 


IRSE-Luc 


H. 


T3 

O 2.0 


! 1.0 


1 


n 


+ + + + SeV 
0 0.1 0.2 0.4 Myc-N(gg) 


0.5 


0.0 


ISG15 


I. _ 


JL 


C2 


— — + 


SeV 

Myc-N 

Flag-TRIM25 


IP10 


K. 


IFN-p-Luc 


( 


Q i i B n 

- + + + + SeV 
0 0 0.2 0.6 1.8 Myc-N(ng) 


IFN-p-Luc 

I 

T X 


il [S H ill D 

+ + + + + SeV 

- + - - - N 

- - + - - N(1~175aa) 

- - - + - N(176-251 aa) 

- - - - + N(362~422aa) 


T3 
6 2.0 


51.5 

in 

<n 

£1.0 

Q. 

X 
0 


0.5 


0.0 


ISG56 


SeV 

Myc-N 

Flag-TRIM25 


0 


70 


£ 50 
= 40 
_ 30 
0 20 
O 10 



SeV 

Myc-N 

Flag-TRIM25 


GFP Fluorescence GFP Fluorescence GFP Fluorescence 


M. 


_90 

=5.80 

<D 

0™ 
c 60 

■| 50 
£ 40 
.= 30 
>20 
Z 10 


£ 5 °1 

oT 

£ 40- 

.! 30 ' 

S 20- 

*- 

c 

>i°- 

i oJ 


Uq 


□ 


0 


- + + + + SeV 
0 0 .05.15.50 Myc-N(gg) 


- + + 

— - + 


+ SeV 
+ Myc-N 
+ Flag-TRIM25 


D 

o 


Downloaded from http://jvi.asm.org/on February 4, 2017 by UNIV OF CALIF SAN DIEGO 


































































































<D 

C 


A. 


B. 


U 

£8- 

t/> 

|7 ■ 

3 

C 

O 6 ■ 

c _ 

O 

o 5 ■ 
o> 


o 4 ' 

i 3 ' 

1 

o 2 ■ 
0)1 ■ 

Q_ 

— 0 ] 

<D 


u 


u 


< 



Viral RNA 
level 


TRIM25 


2 1.5 
o 


o 

« 1.0 

</> 

a) 

l_ 

Q. 

X 

® 0.5 - 
< 


i_i 1—1 = 0 

+ - 
- + 


1 


I 


+ - ScrRNAi 
- + TRIM25 RNAi 


Viral RNA level 


£ 8 - 

£ 7 
06 

g , 5 H 




5 .,i 

11 


Flag Vector 
Flag-TRIM25 


c. 


Viral RNA level 


E 8- 

1 l 

o 6 - 

C 

Pi 5 ' 

G) 


o 2 ■ 
'u) 1 ■ 

5pl 


nn 


JL 


+ - - GFP 

- + - GFP-N 

- - + GFP-N(1~361aa) 


D. 



N 

-o- N+IFN-p antibody 
N1-361 

N1~361+IFN-p antibody 


D 

o 


Downloaded from http://jvi.asm.org/on February 4, 2017 by UNIV OF CALIF SAN DIEGO 





























<D 

C 


A. 


B. 


IP:anti-Flag Lysate 


+ + Flag-TRIM25 IP:anti-Flag Lysate 

+ - GFP 



72- 


IB:anti-GFP 








GFP-MERS-N kDa - + 

72- 

56- 

43- 

72- 

Flag-TRIM25 


IB:anti-Flag 


+ + + + Flag-TRIM25 

+ - GFP-MERS-N(1~170aa) 

- + GFP-MERS-N(171~413aa) 


GFP-MERS-N(171~413aa) 

-*-GFP-MERS-N(1~170aa) 


IB:anti-GFP 


-Flag-TRIM25 


IB:anti-Flag 


D. 


100-1 
.2 80 


o 

3 

T3 

C 

2 

o 


60 ■ 


40 ■ 


20 

0 


IFN-(3-Luc 


'f/A 

% 

i 

% 

W. 

m 

A// 

-//. 


+ 

0 


Wy 

y/j 

A/, 


+ 

0.2 


fSi 

ay. 

///. 

VSs 

Y/s 


100-1 
I 80 


u 

3 

■a 

c 

2 

o 

LL 


+ 

0.4 


60 ■ 


40 ■ 


20 - 


IFN-P-Luc 


+ Flag-2CARD 
0.8 GFP-MERS-N(pg) 


0 — 


J* 

YA 

"■■A 

ti 

m 

I 


+ 



[Si 









r.-.-.l 

I...I 

+ 

+ 

+ 

- 

- 

+ 


Flag-2CARD 
GFP-MERS-N (1~170aa) 
GFP-MERS-N (171~413aa) 


D 

o 


Downloaded from http://jvi.asm.org/on February 4, 2017 by UNIV OF CALIF SAN DIEGO 

































RING 


B Box/CCD 
TRIM25 


SPRY 


a 


SARS-CoV 
N protein 




Ub 

Ub 

Ub 


dsRNA 


CARD CARD Helicase RD 
RIG-1 



/ 

CARD 

MAVS 

Type I Interferon production 

and Interferon mediated immune responses 


Downloaded from http://jvi.asm.org/on February 4, 2017 by UNIV OF CALIF SAN DIEGO 








